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(57) ABSTRACT

A portable ventilator uses a ROOTS-type blower as a com-
pressor to reduce both the size and power consumption of the
ventilator. Various functional aspects of the ventilator are
delegated to multiple subassemblies having dedicated con-
trollers and software that interact with a ventilator processor
to provide user interface functions, exhalation control and
flow control servos, and monitoring of patient status. The
ventilator overcomes noise problems through the use of noise
reducing pressure compensating orifices on the ROOTS-type
blower housing and multiple baitling chambers. The ventila-
tor 1s configured with a highly portable form factor, and may
be used as a stand-alone device or as a docked device having
a docking cradle with enhanced interface and monitoring
capabilities.
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PORTABLE VENTILATOR SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 USC §120 to and
1s a continuation of U.S. patent application entitled, Portable
Ventilator System, filed Jun. 2, 2006, having a Ser. No.
11/445,724, now U.S. Pat. No. 8,297,279, the disclosure of
which 1s hereby incorporated by reference 1n its entirety. This
application also claims priority to and 1s a continuation of
U.S. patent application entitled, Portable Ventilator System,
filed Jun. 2, 2006, having a Ser. No. 11/445,762, now U.S. Pat.
No. 8,627,819, the disclosure of which 1s hereby incorporated
by reference 1n its entirety. U.S. application Ser. Nos. 11/445,
724 and 11/445,762 claimed priority and are divisionals of
U.S. Pat. No. 7,188,621, filed on Aug. 4, 2004, the disclosure
of which 1s hereby incorporated by reference 1n 1ts entirety.
U.S. application Ser. Nos. 11/445,724, 11/445,762 and U.S.
Pat. No. 7,188,621 claimed priority from expired U.S. Provi-
sional Patent Application Ser. No. 60/492,421, filed Aug. 4,
2003, the disclosure of which 1s hereby incorporated by ret-
erence 1n 1ts entirety. This application also claims priority
from U.S. Pat. No. 7,188,621 and U.S. provisional applica-
tion 60/492,421. This application also cross-references U.S.
application Ser. No. 10/985,528 filed on Nov. 10, 2004, U.S.
Pat. No. 7,527,053 filed on Mar. 23, 2005, U.S. application
Ser. No. 11/234,636 filed on Sep. 23, 2005, U.S. application
Ser. No. 11/486,346 filed on Jul. 13, 2006, and U.S. applica-
tion Ser. No. 11/712,929 filed on Mar. 1, 2007, all of which
claim the benefit of U.S. Pat. No. 7,188,621, the disclosures
of which are all hereby incorporated by reference m their
entirety.

FIELD OF THE INVENTION

This 1nvention relates to the field of medical ventilators,
and more specifically to a self-contained portable ventilator.

A portion of the disclosure of this patent document con-
tains material which 1s subject to copyright protection. The
copyright owner has no objection to the facsimile reproduc-
tion by anyone of the patent document or the patent disclo-
sure, as 1t appears 1n the Patent and Trademark Office file or

records, but otherwise reserves all copyrights associated with
this document.

BACKGROUND OF THE INVENTION

Ventilators for patients requiring breathing assistance have
traditionally been large, heavy, power-hungry devices that
have provided little 1f any mobility to a patient. Recent
advances 1n compressor technology, such as those described
in U.S. Pat. No. 6,152,135 1ssued to DeVries et al., have
allowed a reduction 1n size and power requirements of venti-
lators, for the first time allowing the manufacture of ventila-
tors that were able to provide a limited degree of seli-con-
tained portability. Outfitted with battery packs, these portable
ventilators could be attached to a wheel chair, providing a
patient the ability to move about for a limited amount of time
without having the ventilator connected to a power supply
main.

Ventilators of the prior art have become smaller and more
transportable while maintaining the ability to deliver complex
breath modes by typically using low pressure rotary drag
compressors as the breath delivery mechanism. The drag
compressors may either be variable speed or constant speed.
Variable speed ventilator compressors operate by rapidly
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accelerating from a standstill to provide inhalation assistance
(1nspiration) to a patient, then decelerate rapidly to allow a
patient to exhale. The rapid acceleration and deceleration of
prior art variable speed compressor ventilators require the
compressor’s drive circuitry to handle very high currents,
necessitating bulky and expensive power systems and con-
siderable standby battery power when the ventilator 1s not
connected to a power main.

Constant speed compressors do not need the bulky power

systems ol variable-speed compressors, but have inherent
inelliciencies because the compressor continues to run and
consume power even at times when no air 1s being supplied to
the patient (such as during exhalation). The power consump-
tion can be reduced by recirculating the compressor’s output
air flow to the compressor’s intake during exhalation. How-
ever, even the reduced power consumed significantly reduces
the amount of time the ventilator can be operated from on-
board battery power.

SUMMARY OF THE INVENTION

The present invention comprises a portable ventilator that
uses a small, low-inertia, high-speed, high-efficiency
ROOTS-type blower 1n variable-speed mode. ROOTS-type
blowers are known for high-efficiency and small size. How-
ever, they are inherently noisy, and have 1n the past not been
suited for use 1n medical ventilators, where excessive noise 1s
disruptive to patients, who often require around-the-clock
breathing assistance. The ventilator of the present invention
overcomes the noise problems of prior art ROOTS-type blow-
ers through the combined use of novel noise reducing pres-
sure compensating orifices on the ROOTS-type blower hous-
ing and multiple baifling chambers within the ventilator’s
housing. The use of a ROOTS-type compressor 1n a variable-
speed mode, together with specially configured tlow control
and power systems, reduces both the size and power con-
sumption of the ventilator as a whole. Embodiments of the
invention provide full ventilator functionality, including the
capability of operating 1n both volume and pressure control
modes, 1n small, truly portable units that for the first time
provide real mobility to patients. In one embodiment, the
ventilator 1s a portable, self-contained ventilator that approxi-
mates the size of a small laptop computer while providing
several hours of battery powered, full-service breathing assis-
tance.

In one or more embodiments of the invention, the ventilator
employs a heavier ROOTS-type blower with greater 1inertia in
constant speed mode. The extra ordinary efficiency of the
ROOTS-type blower permits size and weight reductions to a
degree previously unattainable 1n a full featured ventilator
capable of delivering complex breath modes.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective view of the front face of a portable
ventilator 1n accordance with one or more embodiments of the
invention.

FIG. 2A 1s perspective view of the front of a ventilator
system 1ncluding a portable ventilator, a docking cradle and a
ventilator monitor, in accordance with one or more embodi-
ments of the invention.

FIG. 2B 1s a perspective view of the rear of the ventilator
system of FIG. 2A.

FIG. 3 1s a block diagram of a functional architecture for a
portable ventilator system in accordance with one or more
embodiments of the mvention.
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FIG. 4 1s a block diagram of an electronic architecture for
a portable ventilator system 1n accordance with one or more
embodiments of the invention.

FIG. 5 1s a block diagram of an electronic architecture for
a docking cradle in accordance with one or more embodi-
ments of the invention.

FIGS. 6A and 6B are block diagrams 1llustrating the gen-
eral context of a software architecture for a portable ventilator
system 1n accordance with one or more embodiments of the
invention.

FIG. 7 1s a pneumatic diagram of a portable ventilator in
accordance with one or more embodiments of the mvention.

FI1G. 8 15 a top level block diagram of an exhalation servo
control system in accordance with one or more embodiments
of the mvention.

FIG. 9A 1s a block diagram of a mechanical assembly
portion of an exhalation servo control system in accordance
with one or more embodiments of the invention.

FIG. 9B 1s a block diagram of an electronic assembly
portion of an exhalation servo control system in accordance
with one or more embodiments of the invention.

FI1G. 9C 15 a block diagram of a software control portion of
an exhalation servo control system in accordance with one or
more embodiments of the invention.

FIG. 10 15 a block diagram of a blower assembly 1n accor-
dance with one or more embodiments of the invention.

FIG. 11 1s an exploded view of a blower assembly in
accordance with one or more embodiments of the invention.

FIG. 12 1s a perspective view of a pair of ROOTS-type
blower impellers in accordance with one or more embodi-
ments of the invention.

FIGS. 13A and 13B are views of a ventilator apparatus
having silencer chambers with perforated tubes, 1n accor-
dance with one or more embodiments of the invention.

FIGS. 14 A through 14D are various views of a ROOTS-
type blower housing, illustrating graduated slots at the air
outlets, 1n accordance with one or more embodiments of the
invention.

DETAILED DESCRIPTION

A portable ventilator system 1s described. In the following
description, numerous specific details, such as physical
dimensions for one or more embodiments, are set forth to
provide a more thorough description of the invention. It waill
be apparent, however, to one skilled in the art, that the inven-
tion may be practiced without these specific details. In other
instances, well known features have not been described in
detail so as not to obscure the invention.

Embodiments of the invention implement a portable ven-
tilator that uses a ROOTS-type blower operating 1n a variable
speed mode as the breath delivery mechanism. The efficien-
cies and reduced size requirements resulting from the use of
a ROOTS-type blower, together with novel sound muifling
techniques and electronic control systems, allow the ventila-
tor to be reduced in size to be comparable to a palmtop
computer. Weight and power consumption may likewise be
reduced. The ventilator of the present invention provides true,
extended mobility to patients who require continuous breath-
ing assistance, facilitating a significant improvement in their

quality of life.

I. Embodiment of Ventilator System with Portable
Ventilator, Docking Cradle and Monitor

In one or more embodiments of the mvention, a portable
ventilator system includes a portable ventilator, a docking
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cradle and a monitor. The portable ventilator 1s preferably,
though not necessarily, a small, lightweight, self-contained
life support device that 1s highly portable. In stationary appli-
cations, the portable ventilator may be placed into a docking
cradle that acts as a simple structural support, possibly includ-
ing a power supply and/or recharging system, or that expands
the portable ventilators interface capabilities. For example,
the docking cradle may also include a graphics monitor for
enhanced display capabilities.

A. Portable Ventilator Enclosure

In one or more embodiments, the portable ventilator may
be packaged within a molded enclosure. In some embodi-
ments, the enclosure 1s co-molded with a soft rubber boot.
Preferrably, though not necessarily, the enclosure 1s config-
ured to have a relatively compact form factor. For example, in
one embodiment, an enclosure that 1s 10".times.6".times.2"
may contain the apparatus needed for a patient to receive
proper ventilator support from a highly portable unit. Other
embodiments may use enclosures with varying form factors.

FIG. 1 1s a diagram 1illustrating a perspective view of the
front face of a portable ventilator, 1n accordance with one or
more embodiments of the invention. In the illustrated
embodiment, the pneumatic connections 101 may be made on
the lett and right sides, e.g., below the centerline of ventilator
enclosure 100. Electrical interconnects 102 may be made on
the lower edge of the backside of enclosure 100 (e.g., to
provide a cradle interface). The electrical interconnects may
also be made on the left and/or night sides of enclosure 100,
¢.g., above the centerline.

The ventilator enclosure may include a user interface 106.
For example, user interface 106 may be implemented rela-
tively inexpensively i one embodiment with LEDs and a
membrane switch panel. Another embodiment may 1mple-
ment a graphical user iterface 106 using a color LCD and
touch screen.

In one or more embodiments, the top of ventilator enclo-
sure 100 may include a collapsible handle 103 that acts as a
table stand when folded and collapses flush against the enclo-
sure. Hand/shoulder strap connection points 104 may be built
into enclosure 100. One or more embodiments may also
implement a low-profile, dovetail-style mounting mechanism
on the rear of enclosure 100 to facilitate pole, wall or bed-rail
mounting without interfering with non-mounted desktop
applications.

In one or more embodiments, battery port 105 may be
provided on enclosure 100 to accommodate an internal,
removable battery pack. Battery port 105 i1s preferably
equipped with alatch and eject mechanism to insure a reliable
connection when 1n use, and easy swapping of the removable
battery pack, even when the enclosure 1s seated in a cradle
(described below). Enclosure 100 may be designed to drop
into a docking cradle for raised support and/or to establish a
connection between the portable ventilator and cradle elec-
tronics. An embodiment of a docking cradle 1s described
below.

B. Docking Cradle and Monitor

FIGS. 2A and 2B provide a perspective views of the front
and rear of a portable ventilator system, comprising a portable
ventilator, a docking cradle and a monitor, 1n accordance with
one or more embodiments of the invention. As shown, dock-
ing cradle 200 may include a base 201A and a cradle arm
201B. A monitor 202 may be attached to arm 201B to provide
a display for expanded ventilator momtoring capabilities.
Portable ventilator enclosure 100 1s shown docked 1nto base
201A of cradle 200.

In one or more embodiments, base 201A 1s designed to
function as a simple table stand, without any internal power or
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logic components. However, 1n most embodiments, internal
clectronics are included to provide an intelligent docking
station capable of supplying power and expanding the inter-
face capabilities of the portable ventilator. In the latter case,
base 201A provides an electrical interconnection with the
docked ventilator, e.g., through the lower, back edge of the
ventilator. Arm 201B may be removably attached to base
201A to provide a support for the optional momtor 202.
Power and data cables between electronics 1n the cradle base
201 A and monitor 202 may be hidden within the structure of
arm 201B.

Cradle 200 may 1nclude a mechanical iterlock to ensure
that the docked ventilator cannot fall out. As with the venti-
lator enclosure 100, cradle 200 may also incorporate a dove-
tail-style mounting mechanism to facilitate wall or bed-rail
mounting. The docking cradle 200 and monitor 202 may each
contain mjection molded components.

C. Ventilator System Functional Architecture

FI1G. 3 1s a block diagram of a ventilator system functional
architecture, 1n accordance with one or more embodiments of
the invention. The ventilator pneumatics may be based on a
ROOTS-type blower 300 that draws room air through inlet
filter 310 and delivers pressurized gas through inspiratory
port 311 to the patient. The pneumatic system may support
both single limb and dual limb patient circuits, allowing exha-
lation valve 301 to be implemented either externally or inter-
nally with respect to ventilator enclosure 100. Exhalation
control port 302 and PEEP (positive end-expiratory pressure)
control 303 generate a pilot pressure that closes exhalation
valve 301 during mspiration and opens it against a software
controlled PEEP pilot pressure during exhalation. Scaveng-
ing port 316 may be used to recycle or recirculate the com-
pressed air that 1s not used by the patient during exhalation.

The ventilator 100 may deliver blended gas using an
optional internal O, blender 304. The blended gas delivery in
inspiratory limb 312 may be monitored via an external FI10O,
(fraction of inspired oxygen) sensor 305 coupled to FIO,
interface 313, and displayed on user intertace 306. Similarly,
the patient’s blood O, level may also be monitored via an
external pulse oxygen sensor 314 coupled to optional internal
pulse oximeter 307, and displayed on user interface 306.
When high-pressure oxygen 1s supplied to O, 1nlet port 308,
the ventilator 100 may drive an external nebulizer 309 via
nebulizer drive port 315 for the delivery of aerosolized drugs
to the patient while, at the same time, compensating for the
added gas delivery.

One or more embodiments may use a wye (“Y ") junction
325 to couple mspiratory limb 312 and expiratory limb 326 to
the main ventilator tube to the patient. Airway and tflow sensor
lines 327 from wye junction 325 enter ventilator enclosure
100 via sense ports 328. Transducer (XDCR) manifold 329
converts the airway and flow values from sense ports 328 into
clectrical sense signals for use in the ventilator control loop.

In one or more embodiments, the portable ventilator (100)
may operate from externally supplied DC power received
through external power connector 317 (e.g., from external
battery charger 318A, external battery 318B, AC/DC adapter
318C, DC bus 318D, etc.). A cradle interface 319 may allow
external power to be supplied to the ventilator without using
a cable plug-in. For example, the ventilator enclosure 100
may be dropped into docking cradle 200, where contacts in
both devices automatically engage to provide a power path
and/or data path. Also, removable battery 321 may be seated
in removable battery bay 320 for use of the ventilator as a
portable, stand-alone device. The ventilator may be config-
ured with an internal bridge battery (322) to provide continu-
ous power to the ventilator during a swap of removable bat-
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teries (321). Battery charger 323 may be used to charge
removable battery 321 and/or bridge battery 322 when an
external power source 1s connected to the ventilator enclosure
100. An external removable battery charger (324) may be
used to charge extra batteries.

In the embodiment shown in FIG. 3, docking cradle 200
includes a ventilator interface 330 that mates with cradle
interface block 319 of ventilator 100 to transier power and
provide electrical connections with interface electronics
internal to cradle 200. Optional internal AC/DC adapter 331
within cradle 200 may provide a source of DC power to
ventilator 100 via interface blocks 319 and 330, as well as to
the circuitry within cradle 200 and monitor 202. Cradle 200
may additionally or alternatively have a DC connector that
receives DC power from an external source (e.g., sources
318A 318D).

Cradle 200 may be used to expand the ventilator’s interface
capabilities to include, for example: a remote alarm/nurse call
interface 332 with an output alarm cable; a remote access
modem 333; an ISP/debug port 334 (service and maintenance
port); an ETCO, (end tidal carbon dioxide) monitor 336
coupled to an external ETCO, sensor 333; a patient monitor
interface 337 supporting patient monitor systems (such as HP
Valuelink and Spacelabs Flexport); a removable memory
card slot 338 for supporting removable memory card 339; and
a monitor interface/controller 340. The removable memory
card 339 may be used to ease movement ol information
between the ventilator and a personal computer for data
review and printing.

Monitor 202, coupled to arm 201B of cradle 200 1s an
optional display unit capable of, for example, depicting wave-
forms, loops, and trend data continuously.

D. Ventilator Electronic Architecture

In one or more embodiments, the portable ventilator elec-
tronic architecture may be divided into three major sub-
systems: a ventilator core subsystem, a user interface sub-
system, and a power subsystem. Each subsystem may include
one or more software programmable microcontrollers distrib-
uted through the subassemblies along with a variety of digital,
analog and power circuitry. Other embodiments may divide
the electronic architecture along different lines, or not divide
the architecture at all.

FIG. 4 illustrates one embodiment of the ventilator elec-
tronic architecture having a ventilator core (VC subsystem)
401, a user mterface (Ul subsystem 400 and a power sub-
system 402. Each subsystem 1s described in more detail
below.

1. Ventilator Core Subsystem

In the embodiment of FIG. 4, VC subsystem 401 includes
clectronics for implementing the core gas delivery functions
of the portable ventilator. A software program running on the
ventilator processor 443 may control the overall ventilator
core functionality by commanding and monitoring microcon-
trollers located within each tunctional subassembly or mod-
ule. Each of these microcontrollers may run software pro-
grams dedicated to a specific task or tasks of the respective
subassembly. In other embodiments, a single processor may
be used to execute the tasks of multiple subassemblies. In the
illustrated embodiment, VC subsystem 401 includes ventila-
tor processor 443 1n communication with respective proces-
sors within ROOTS-type blower module 444, exhalation con-
trol module 454, blender module 461, and transducer module
4'70. (In an alternate embodiment, two or more of modules
444, 454, 461 and 470 may be served by a single module
Processor. )

In ROOTS-type blower module 444, blower processor 445
may control the blower speed through software commutation
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of a brushless DC motor (BLDC 453) attached to the impel-
lers of a ROOTS-type blower. Inverter 449 may be used to
convert the logic level commutation signals from blower pro-
cessor 445 1nto high-power AC current to drnive BLDC motor
453. Multiple magnetic sensors (e.g., analog Hall sensors
452) within BLDC motor 433 transmit sense signals to
blower processor 445 to determine rotor position and speed.
An ADC (analog-to-digital converter) circuit may be pro-
vided internal to or external to the blower processor IC for the
purpose of sampling and converting sense signals, such as
those from Hall sensors 452, into digital values for blower
processor 445.

Microphones 451 at the ROOTS-type blower intake and
outlet ports may be used to monitor the audible noise of the
ROQOTS-type blower apparatus. The microphone signals are
also sampled by the ADC circuit before being processed
within blower processor 445. Amplifier circuits 447 and 448
may be used to amplily and filter the microphone and motor
sense signals, respectively, prior to the ADC circuit. To reduce
the system noise level, blower processor 445 may generate
“ant1-noise” signals to cancel the blower noise. The anti-noise
channels (e.g., one each for the noise at the intake and outlet
ports of the blower) may be amplified via power amplifiers
446 that in turn drive a pair of speakers 450 located within the
blower ductwork.

The blower processor 445 may include (either on-chip or
off-chip)data SRAM, program FLLASH memory, and calibra-
tion EEPROM. The FLASH and EEPROM memory may be
in-system programmable to facilitate manufacturing, service
and field software updates. Blower processor 445 may com-
municate with ventilator control processor 443 via a high-
speed synchronous serial port (SSIO 479).

Blower processor 445 may provide a mechanism for cali-
brating the electronics of blower module 444, and for storing,
the calibration data within its EEPROM. Blower processor
445 may provide the additional ability to monitor the health of
the electronics of blower module 444 and generate seli-test
teedback to ventilator processor 443 (or a separate test appa-
ratus).

Within exhalation control module 454, exhalation proces-
sor 455 may control multiple solenoid valves that generate
and pass pilot pressure to the exhalation valve balloon dia-
phragm. Solenoid valve drivers 456 translate the logic level
control signals generated by exhalation processor 455 into
high-power DC current to actuate exhalation control valve
459 and PEEP pilot valves 460. Exhalation processor 4535
monitors PEEP pressure transducer 438 to enable closed loop
control of PEEP pilot valves 460. The analog signals from
transducer 458 maybe amplified and filtered by amplifier 457
prior to being A/D converted and sampled by the ADC circuit
for exhalation processor 455.

As with blower processor 443, exhalation processor 455
may include (either on-chip or off-chip) data SRAM, pro-
gram FLASH memory, and calibration EEPROM. The
FLLASH and EEPROM memory may be in-system program-
mable to facilitate manufacturing, service and field software
updates. Exhalation processor 455 may communicate with
ventilator control processor 443 via a high-speed synchro-
nous serial port (SSI10 480).

Exhalation processor 455 may provide a mechanism for
calibrating the electronics of exhalation control module 454,
and for storing the calibration data within 1ts EEPROM.
Exhalation processor 455 may provide the additional ability
to monitor the health of the electronics of exhalation control
module 454 and generate self-test feedback to ventilator pro-

cessor 443 (or a separate test apparatus).
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Within blender module 461, blender processor 462 con-
trols the flow of oxygen 1n the system, controls the optional
nebulizer drive function, and monitors the external F1IO, sen-
sor via FIO2 sensor interface 469. Solenoid valve drivers 463
translate the logic level control signals generated by blender
processor 462 into high-power DC current to actuate blender
valves 468 and nebulizer valve 467. Blender processor 462
monitors oxygen pressure transducer 465 to enable closed
loop control of blender valves 468. The analog signals from
transducer 4635 and interface 469 maybe amplified and fil-
tered by amplifier 464 and 466, respectively, prior to being
A/D converted and sampled by the ADC circuit for blender
processor 462.

As with the blower and exhalation processors, blender
processor 462 may 1nclude (either on-chip or off-chip) data
SRAM, program FLASH memory, and calibration
EEPROM. The FLASH and EEPROM memory may be 1n-
system programmable to facilitate manufacturing, service
and field software updates. Blender processor 462 may com-
municate with ventilator control processor 443 via a high-
speed synchronous serial port (SSIO 481).

Blender processor 462 may provide a mechanism for cali-
brating the electronics of blender module 461, and for storing
the calibration data within 1ts EEPROM. Blender Processor
462 may provide the additional ability to monitor the health of
the electronics of blender module 461 and generate seli-test
teedback to ventilator processor 443 (or a separate test appa-
ratus).

Within transducer module 470, pressure processor 471
measures critical system pressures and manages periodic auto
zero and sense line purge functions. Solenoid valve drivers
472 translate the logic level control signals generated by
pressure processor 471 1nto high-power DC current to actuate
autozero valves 473 and purge valves 474. Pressure processor
4’71 monitors flow sensor pressure transducer 477 and airway
and blower pressure transducers 478.

Amplifiers 476 amplily and filter the sense signal outputs
of transducers 477 and 478 before those sense signals are
sampled and processed by pressure processor 471. In one
embodiment, two parallel amplifiers may be dedicated to flow
sensor pressure transducer 477. One amplifier may provide a
high-gain, narrow-range, offset-compensated flow trigger
channel. The offset compensation 1s provided using a sofit-
ware-controlled DAC (digital-to-analog converter) circuit
4'75. A second channel may provide a lower gain amplifier to
cover the full bi-directional dynamic range of flow 1nto and
out of the patient. Amplifiers 476 also provide amplified
arrway gauge pressure and blower differential pressure sig-
nals.

As with the other module processors, pressure processor
471 may include (either on-chip or off-chip) data SRAM,
program FLASH memory, and calibration EEPROM. The
FLASH and EEPROM memory may be in-system program-
mable to facilitate manufacturing, service and field software
updates. Pressure processor 471 may communicate with ven-
tilator control processor 443 via a high-speed synchronous
serial port (SSI10O 482).

Pressure processor 471 may provide a mechanism for cali-
brating the electronics of transducer module 470, and for
storing the calibration data within 1ts EEPROM. Pressure
processor 471 may provide the additional ability to monitor
the health of the electronics of transducer module 470 and
generate seli-test feedback to ventilator processor 443 (or a
separate test apparatus).

2. User Interface Subsystem

User interface (UI) subsystem 400 includes the electronics

to create the interface to the device user and external periph-
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erals. In one or more embodiments, Ul subsystem 400 may
provide the user with information, such as audible and visual
teedback regarding the patient status, machine status, alarm
conditions, and control settings. UI subsystem 400 monitors
the user mputs (e.g., knob and buttons) and communicates
settings to ventilator processor 443 ol ventilator core sub-
system 401 via a serial channel (e.g., UART 442). Also, 1n one
or more embodiments, Ul subsystem 400 monitors and con-
trols power subsystem 402, maintains device configuration
and control settings 1n non-volatile memory, acts as a recorder
of events and user actions, and communicates with any acces-

sory devices (e.g., docking cradle 200, internal pulse oxime-
ter 307, etc.).

Within UI subsystem 400, user interface processor 403
executes a solftware program that controls the overall user
interface functionality. The program FLASH memory asso-
ciated with user interface processor 403 may be in-system
programmable to facilitate manufacturing, service and field
soltware updates. In one or more embodiments, certain tasks,
such as refreshing displays and scanning keys, may be del-
egated to a programmable microcontroller and/or dedicated
hardware controllers located within user interface subassem-
blies. The functionality of possible Ul subassemblies 1s
described below.

The ventilator user interface may be implemented with a
variety of display and input/output mechanisms. For
example, one user interface embodiment (labeled as high end
user interface 404) utilizes a color LCD (liquid crystal dis-
play: e.g., TFT or VGA) graphics panel 429 and an analog
touch screen overlay 431 to provide a flexible user interface
with high information content. Interface 404 1s coupled to Ul
processor 403 via bus 435. LCD controller 432 may perform
the time-intensive task of refreshing LCD 429 from a RAM
image builer (on-chip or ofi-chip) via a high-speed LVDS
(low voltage differential signaling) interface 428. The UI
soltware may restrict updates of the image bullfer to time
periods during which the display content actually changes.

Backlight inverter 430 powers the LCD backlight. Screen
brightness may be controlled by the Ul software using back-
light DAC 433. The touch screen ADC/controller 434 per-
forms scans of the touch screen overlay 431, and provides the
Ul software with an interrupt and data during periods of touch
activity.

Another user interface embodiment alternatively or addi-
tionally may use a low end user interface 408 including, for
example, a combination of dot matrix, seven-segment and/or
discrete LEDs (represented as LED matrix 414) and a mem-
brane key matrix 415. LED matrix 414 1s driven by LED
source drivers 416 and LED sink drivers 417. 10 (input/
output) processor 410 may perform the task of refreshing the
LED matrix 414 from a RAM 1mage buifer. The Ul software
may update the image buffer when 1ts content changes. 10
processor 410 also performs the task of scanning key matrix
415 and providing the Ul software with an interrupt and data
during periods of key activity.

Both user interface options (high-end interface 404 and
low end interface 408) may use a common user interface 409
that includes a knob (e.g., a rotary switch) 418, one or more
hard keys 419 for dedicated functions, status LEDs 420 and
an audible software alarm speaker 421. 10 processor 410 may
track knob 418 and hard keys 419, and provide the Ul soft-
ware with an interrupt and data during periods of knob and/or
hard key activity. 10 processor 410 may also synthesize soft-
ware alarms and control status LEDs 420 based on commands
from the Ul software with the aid of digital-to-analog (DAC)
422.
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An optional internal pulse oximeter module 426, whose
external sensor 1s placed on the patient’s finger, provides
monitor data such as pulse rate and oxygen saturation level to
user interface processor 403. User interface processor com-
municates with module 426 over a serial interface such as
UART 437.

Cradle interface 423 includes a connector 424, for electri-
cally engaging a mating connector on the docking cradle, and
a transcerver (e.g., ISO XCVR 425) to allow communication
(e.g., via a serial UART interface 438) between the ventilator
and the docking cradle electronics at moderate data rates. DC
power may also be transferred through this interface (see
cradle power line 441 from connector 424 to power module
483) from the docking cradle to the ventilator. The ventilator
may also provide a remote alarm/nurse call signal through
cradle interface 423 to the outside world.

A non-volatile memory circuit (e.g., NAND FLASH 427)
may be included in UI subsystem 400 for long term logging of
ventilator events and control settings changes (like a “black
box™ recorder). User interface processor 403 may write
directly into non-volatile memory 427 via a parallel bus
(436), for example.

10 processor 410 may also act as the supervisor for power
subsystem 402. For example, 10 processor 410 may monitor
all power mputs and power supply outputs, manage the selec-
tion of the active input power source (via power source switch
matrix 489), and control the two internal battery chargers
(485 and 487). Additionally, 10 processor 410 may monitor
the state of the “ON/OFF”” and “ALARM SILENCE/RESET”
hard keys and drive the “ON/OFF”, “VENT INOP”,
“ALARM SILENCE”, “EXTERNAL POWER”, “BAT-
TERY STATUS”, and “CHARGE STATUS” LEDs on com-
mon interface 409.

10 processor 410 may act as the device watchdog. For
example, in one embodiment, each subassembly must peri-
odically report good health back to 10 processor 410. In turn,
IO processor 410 must periodically report good health to
alarm driver 412 of alarm system 407 . IT alarm driver 412 fails
to recerve good health updates, then the audible hardware
alarm (INOP) 413 and remote alarm/nurse call outputs (411)
are activated. Alarm driver 412 may also trigger a device reset
to attempt to restart the life support function. The common
user interface 409, low end user interface 408 and alarm
system 407 collectively comprise common interface 405
which communicates with Ul interface 403 through serial
interface UART 439.

3. Power Subsystem

Power module 483 provides power to the ventilator and 1s
connected thereto by bus 440. The ventilator may be powered
from either an external DC source (e.g., external power
source 492 or cradle interface 423) via connector 490, or an
internal source (e.g., removable battery 491 or bridge battery
486). Bridge battery 486 may be sized to provide seamless
operation of the ventilator while removable battery 491 1is
swapped Ifrom connector 488. Two independent internal
chargers (485 and 487) may be included for purposes of
maintaining charge on removable battery 491 and bridge
battery 486. Power supply 484 may include several switching
and/or linear power supplies to provide the DC voltages used
throughout the ventilator system.

E. Docking Cradle Electronic Architecture

FIG. 5 15 a block diagram of the electrical architecture for
one embodiment of the docking cradle 200. As shown, the
docking cradle 1s divided into a basic module 500 and a
tull-featured module 501. Basic module 500 provides basic
power and status indicators, as well as an alarm cable output.
Full-featured module 3501 provides additional processing
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power, as well as further connection interfaces, monitoring,
capability and support for an additional display monitor. The
division of features 1s shown to highlight the range of capa-
bilities that may, but need not be, implemented within the
docking cradle. The illustrated features are not intended to be
exhaustive, nor do they represent required features. Different
embodiments of the docking cradle may include different
combinations and different numbers of features without
departing from the scope of the invention.

In the illustrated embodiment, basic module 500 includes
cradle interface connector 503, which mates electrically with
cradle interface connector 424 of the ventilator. DC power 1s
supplied to the ventilator through power line 527 via AC/DC
adapter 507, which may receive AC power from an external
source (e.g., from a cable attached to a wall outlet). AC/DC
adapter 507 may also provide DC power to full-featured
module 501 via power monitor and controller block 506. The
remote alarm/nurse call outputs from the ventilator (see block
411, F1G. 4) are made available for attachment of an external
alarm cable (e.g., to plug mto a wall jack or device 1n a
hospital room) through remote alarm/nurse call interface 508.
If full-featured module 501 1s present, then a transcerver
(XCVR) circuit 504 may be implemented to facilitate com-
munication with the ventilator over the cradle interface con-
nector 503. Transceiver circuit 504 may communicate with
cradle processor 509 over a serial interface, such as a UART
interface 526. Hardware driven status LEDs 505 in basic
module 500 provide basic device status, such as the active
presence and/or health of AC/DC adapter 507 and of the
connection with the ventilator.

Full-featured module 501 may be implemented to further
expand the interface capabilities of the docking cradle to
include, for example, the following options: support for an
additional display monitor (502), memory expansion by the
addition of one or more memory cards 375 (e.g., compact
FLASH memory cards) in memory card slot(s) 514, an addi-
tional patient monitoring interface 516, an internal ETCO?2
monitor 518 (coupled to an external ETCO2 sensor 5319), and
a modem 320 (e.g., for remote access via telephone).

A software program executed by cradle processor 509 con-
trols the optional features of full-featured module 501. Cradle
processor 509 may 1nclude (either on-chip or off-chip) data
SRAM memory, program FLASH memory, and battery-
backed SRAM. The FLASH memory may be in-system pro-
grammable, via the ISP/debug interface (service port) 517, to
facilitate manufacturing, service and field software updates.

In full-featured module 501, power supply 521 may be
provided to perform DC-DC conversion to generate all of the
supply voltages needed by the full-featured module circuitry.
Software driven status LEDs 522 may be included to show the
on/oll state and health of the module electronics.

To provide support for an additional display monitor 502,
tull-featured module 501 may be equipped with monitor
PTM controller 510. Monitor controller 510 includes an LCD

controller 511 (assuming the monitor 1s an LCD monitor),
backlight DAC 512 and touch screen ADC 513. LCD con-
troller 511 supplies data and control signals to LCD panel 523
over LCD bus 528 and control (CTL) bus 3529, respectively;
backlight DAC drives backlight iverter circuit 524; and
touch screen ADC 513 controls touch screen panel 525, as
well as receiving touch screen data, over T'S bus 530. In other
embodiments, additional or different features may be embod-
ied within full-featured module 501.

F. General Software Architecture for Ventilator System

In one or more embodiments, the ventilator and docking
cradle contain embedded software (and/or firmware) that
control the respective hardware and determine the operating
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characteristics of the system. This software may be split
between multiple processors distributed throughout the sys-
tem on various subassemblies. FIG. 6 1s a block diagram
illustrating the context of the general software architecture of
a ventilator system, 1n accordance with one or more embodi-
ments of the invention.

FIGS. 6 A and 6B, the software for the ventilator system 1s
distributed among the following processors: user interface
processor 403, 10 processor 410, ventilation processor 443,
blender processor 462, exhalation processor 455, pressure
processor 471, blower processor 4435, and cradle processor
509. Various functions of the software executed by those
respective processors are described below. The functions
described are presented for illustrative purposes only and
should not be considered as either the only nor as required
functions for all embodiments. For ease of discussion, the
soltware running on each processor will be referred to with
reference to the name of the processor (i.e., the software
executing on the user interface processor 1s referred to as the
user interface software, the software running on the blender
processor 1s referred to as the blender software, etc.).

The user mterface software (executing on user interface
processor 403) may be configured to communicate with 10
processor 410 (via bus 439, as shown 1n FIG. 4) and cradle
processor 509, as well as to send ventilation control data (e.g.,
settings and alarm limits) to ventilation processor 443. The
user interface software may store application code recerved
from cradle processor 509 into FLASH memory 427, and
update application code for 10 processor 410, ventilation
processor 443, blender processor 462, exhalation processor
455, pressure processor 471 and blower processor 4435, The
user interface software may also store trend data, vent settings
and user configuration data in non-volatile RAM (NVR) 601,
and, with the aid of real-time clock 602, may log all events,
such as control changes, alarms and failures, in the “black
box™ portion of FLASH memory 427. The user interface
software drives the LCD user interface (LCD 429, touch
panel 431 and backlight 433), for example, to display alarm
data and/or monitored data recerved from ventilation proces-
sor 443.

The IO software (executing on IO processor 410) may be
configured to communicate with user interface processor 403
to provide an intelligent controller for attached peripheral
circuits and devices. For example, the 10 software may pro-
vide low level drivers for status LEDs 420, common buttons
(or keys) 419, knob 418 and speaker 421. In addition, the 10O
soltware may be configured to refresh LED matrix 414, scan
key matrix 415, and control the power switch matrix 489 and
battery charger(s) 603 (485, 487).

The ventilation software (executing on ventilation proces-
sor 443 ) may be configured to control primary functions, such
as the generation of breaths, implemention of the pressure
servo, and sequencing of maneuvers (e.g., nebulizer activa-
tion, I-hold (inhalation hold), E-hold (exhalation hold), etc.).
The ventilation software may also be configured to compute
monitored parameters, compare monitored values to alarm
limits, and schedule auto zero functions for pressure proces-
sor 471.

The blender software (executing on blender processor 462)
may be configured to control nebulizer valve 467 and imple-
ment the blending servo to control blend valves 468. The
blender software may also monitor and calibrate the O, trans-
ducer 465, manage calibration of the FIO, sensor 469 and
torward F10, data to ventilation processor 443.

The exhalation software (executing on exhalation proces-
sor 455) may be configured to implement the PEEP servo for

control of PEEP in-valve 604 and PEEP out-valve 605 based




US 8,633,997 B2

13

on the mput from pilot pressure transducer 458. The exhala-
tion software may also control exhalation valve 459 and man-

age calibration of the pilot pressure transducer and the PEEP
Servo.

The pressure soltware (executing on pressure processor
4'71) may be configured to provide calibrated trigger pressure
readings and flow sensor pressure readings from flow trans-
ducer 477, calibrated blower differential pressure readings
from blower transducer 607 and calibrated airway pressure
readings from airway transducer 606 to ventilation processor
443. The pressure software may also implement auto zero and
purge functions with auto zero valves 473 and purge valves
474.

The blower software (executing on blower processor 445)
may be configured to implement the speed servo and com-
mutate the blower motor 453. To facilitate implementation of
the speed servo and commutation of motor 453, the blower
soltware may also calibrate the motor position sensors (e.g.,
Hall sensors 452) and compute rotor position and speed from
the outputs of the motor position sensors 452. The blower
software may also implement active braking of motor 453 and
active sound canceling (e.g., using inputs from microphones
451 and generating anti-noise outputs via speakers 450.

The cradle software (executing on cradle processor 509)
may be configured to communicate with user interface pro-
cessor 403, and to display ventilation data (e.g., waves, loops,
data, summary and trends) on LCD display 523. The cradle
soltware may also be configured to store trend data in non-

volatile RAM (NVR) 600 and print images on memory card

575. The cradle software may collect ETCO2 data from
ETCO2 monitor 518 and transmit that data to the ventilator
via user interface processor 403. Additionally, patient data
and alarms may be forwarded to other patient monitor sys-
tems (e.g., via port 516).

L1

I1. Ventilator Pneumatics in One Embodiment

The ventilator pneumatics comprise several electrome-
chanical subassemblies 1n one or more embodiments of the
invention. Ventilating functionality 1s provided by computer
control of the pneumatic functions of those electromechani-
cal subassemblies. FIG. 7 1s a pneumatic diagram of one
embodiment 11 the ventilator.

In the system of FI1G. 7, room air 1s drawn 1n through inlet
filter 700, after which the air travels through a combination
accumulator/silencer chamber 701 where the air may be
mixed with oxygen. Chamber 701 also serves to absorb noise
produced on the inlet side of ROOTS-type blower 702.
ROOTS-type blower 702, driven for example by a brushless
DC motor, 1s arotary positive displacement machine that adds
energy to the gas mixture and supplies gas to the patient at the
desired tlow and pressure.

In one embodiment, ROOTS-type blower 702 may be char-
acterized according to speed, flow, differential pressure and
the associated flow data stored 1n electronic memory for use
by ventilator processor 443 1n alternately accelerating and
decelerating the blower to effect inspiration and permit exha-
lation. Analog position sensors (e.g., Hall sensors) measure
the rotor position within the motor, from which blower pro-
cessor 445 may compute the rotational speed of ROOTS-type
blower 702. Diflerential pressure transducer 703 measures
pressure across the blower. The ventilator processor 443,
working 1n conjunction with blower processor 445, may
adjust the blower speed throughout the ispiratory phase to
obtain the desired tflow, volume and pressure. Solenoid valves
704 and 703 provide auto-zero capability for the differential
pressure transducer 703.
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Silencer chamber 706 on the gas outlet side of ROOTS-
type blower 702 reduces blower noise. The gas then travels
through bias valve 707, set, for example, on or about 5
cmH20.

Patient flow transducer 708, a fixed orifice differential
pressure type transducer, measures the flow to and from the
patient. Overpressure relief valve 709 and sub-ambient relief
valve 710 are internal and provide mechanical fail-safes to
insure patient safety in the event of major ventilator malfunc-
tion. MIPINIF lockout coil 711 1s included 1n sub-ambient
relief valve 710 to prevent opening of the valve during maxi-
mum inspiratory pressure (MIP) procedures.

Pressure transducer module 712 provides the basic pres-
sure measuring capabilities of the system. For example, three
Piezo-resistive pressure transducers form flow sensor differ-
ential pressure transducer 713 to measure difierential pres-
sure across patient flow transducer 708 and an airway gauge
pressure transducer 714 to gauge the pressure at the patient
arrway. Solenoid valves 715 and 716 provide auto-zero capa-
bility for flow sensor differential pressure transducer 713,
while valves 717 and 718 periodically send dry gas from the
blower outlet through the patient tlow transducer sense lines
as part of a purge cycle.

Exhalation control module 719 allows the patient to exhale
in accordance with the desired PEEP. During inspiration,
exhalation control solenoid 720 feeds gas pressure from the
blower outlet to the balloon diaphragm of exhalation valve
721, which closes the exhalation valve. During exhalation,
pilot pressure from pilot pressure accumulator 722 1s fed to
the balloon, which establishes the PEEP level. The pilot pres-
sure 1n accumulator 722 1s controlled through pulse-width
modulation (PWM) of pilot-in solenoid valve 723 and pilot-
out solenoid valve 724, using feedback from pilot pressure
transducer 725.

Oxygen blending and nebulizer drive are controlled 1n
blender module 726. Pressurized gas 1s received from an
external source, filtered, and fed into the chambers of noise
attenuation system 701 under the PWM control of solenoid
valves 727,728, 729 and 730 having associated orifices. Each
solenoid valve orifice may be characterized during initial
assembly, and the associated flow data may be stored 1n
clectronic memory on a PCB within module 726. O, pressure
transducer 731 measures the valve 1nlet pressure. Using inlet
pressure, the stored orifice characterizations, and PWM, the
blender controller can deliver the range of oxygen flow
desired. Nebulizer drive solenoid valve 732 and its associated
orifice may deliver content, such as aerosolized medication,
to the drive port of valves 727 730 during the inspiratory
phase. The quantity of content may be, for example, on or
about 6 1 pm of oxygen tlow. System software may adjust the
delivery of oxygen and volume to compensate for the added
nebulizer flow.

As previously described, variable speed ROOTS-type
blower 702 1s alternately accelerated and decelerated by ven-
tilator processor 443 as necessary to effect mspiration and
expiration. In an alternate embodiment, ROOTS-type blower
702 1s maintained by ventilator processor 443 at a relatively
constant speed, generating a relatively constant tlow of gas at
a flow rate and pressure suitable for ventilating the lungs of a
patient. A downstream flow control valve 1s utilized to control

the flow of gas to the patient, opening to effect inspiration and
closing to permit exhalation. In this alternate embodiment,
the unmique pressure and flow output of each ROOTS-type
blower 702 need not be measured during production and no
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individualized blower characterization data need be stored for
use by the ventilator processor 443.

I11. Exhalation Control Servo Embodiment

One or more embodiments of the invention implement an
exhalation control servo to generate an actual PEEP pressure
from a desired PEEP pressure value. The desired PEEP pres-
sure value 1s a digital value representative of a PEEP pressure.
The actual PEEP pressure 1s a controlled force per unit area
generated from the blower pressure of ROOTS-type blower
702. The exhalation servo comprises electromechanical
apparatus for achieving this conversion from the digital
domain to the pneumatic domain.

FIG. 8 1s a block diagram showing an exhalation servo
loop, 1n accordance with an embodiment of the invention. The
exhalation control servo of FIG. 8 includes a software control
block 800, a mechamical assembly 801 and an electrical
assembly 802. In operation, software control block 800
receives the digital desired PEEP value 804 (e.g., from ven-
tilator processor 443) and a digital value of the current raw
pilot pressure 808, and generates a charge command 805 for
increasing the output pressure of the servo loop and a dis-
charge command 806 for reducing the output pressure. Com-
mands 805 and 806 are 1n electrical form (e.g., digital).

Mechanical assembly 801 receives the charge and dis-
charge commands (805, 806) from soitware control 800, as
well as a physical blower pressure 803, 1n pneumatic form.
Mechanical assembly 801 applies blower pressure 803 1n
accordance with the charge and discharge commands to gen-
crate a pilot pressure feedback value 807 and actual PEEP
value 809, both 1n pneumatic form. Flectronic assembly 802
transforms pilot pressure 807 into raw pilot pressure signal
808, in digital form for processing by software control 800.

FI1G. 9A 1s ablock diagram of mechanical assembly 801, in
accordance with an embodiment of the invention. In mechani-
cal assembly 801, charge command 805 1s applied to charge
valve 723 to control the amount of blower pressure 803
released mto pilot chamber 722. Discharge command 806 1s
applied to discharge vale 724 to control the release of pressure
from pilot chamber 722. In one embodiment, charge com-
mand 805 and discharge command 806 are implemented as
PWM signals. Pilot chamber 722 accumulates the pressure
elfects of opening and closing valves 723 and 724. The accu-
mulated pressure 1s output as pilot pressure 807. Chamber
900 may embody the balloon diaphragm of the exhalation
control valve, which asserts the actual PEEP pressure 809.

FIG. 9B 1s a block diagram of an embodiment of electronic
assembly 802. The pilot pressure 807 1s converted into pilot
pressure sense signal 901 by pressure transducer 714. Pre-
amplifier 902 amplifies pilot pressure sense signal 901 and
low-pass filter 903 removes any noise and upper harmonics 1n
the amplified signal. The amplified and filtered sense signal 1s
then sampled by sample-and-hold circuit 904 and subse-
quently converted 1nto the digital raw pilot pressure value 808
in ADC block 905.

FIG. 9C 1s a block diagram of an embodiment of software
control block 800. In block 906, the desired PEEP value 804
1s applied to a function to generate desired pilot pressure
value 907. The function implemented within block 906 may
be a simple table look-up based on known (i.e., calibrated)
values of pilot pressure for a given PEEP value. Alternatively,
that function may be a mathematical model that approximates
the iverse of the relationship between a pilot pressure input
into chamber 900 and the PEEP value that results.

Digital low-pass filter 908 recerves raw pilot pressure sig-

nal 808 and bandlimits that signal to maintain a desired servo
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loop response. Block 909 implements a mathematical tunc-
tion that approximates the mnverse of the characteristics of the

transducer 1n block 714. Any variance 1n pilot pressure values
due to the behavior of the transducer may be corrected by
block 909.

The mathematical model for block 909 may be created by
calibrating the transducer during production and storing raw
and actual pilot pressure values. A mathematical equation
may then be constructed to approximately reverse the effects
ol the transducer by determining coetficients for the equation
through the application of least squares curve fitting or similar
techniques on the calibration data.

In block 911, the desired pilot pressure 907 and the actual
pilot pressure 910 are compared to determine an error value,
and that error value 1s applied to a control algorithm (e.g., a PI
or PID algorithm) to generate charge command 805 and dis-
charge command 806. In one embodiment, the binary states
of the charge and discharge commands are determined at
periodic itervals. If the measured pilot pressure exceeds the
desired pilot pressure by a threshold amount, then the dis-
charge command 1s asserted during that interval, whereas 1f
the measured pilot pressure falls below the desired pilot pres-
sure by more than a threshold amount, the charge command 1s
asserted during that interval. When the measured pilot pres-
sure resides within the threshold range of the desired pilot
pressure, neither command 1s asserted (maintain status quo
for current interval).

IV. Embodiment of ROOTS-Type Blower Assembly

The present invention involves the precision speed control
of an electric motor that may be used to drive a compressor in
a mechanical ventilator. Mechanical ventilators may have
various modes of operation, e.g., pressure control and volume
control. One common thread amongst most mechanical ven-
tilators 1s that the desired operating mode 1s achieved by
controlling the gas flow rate produced by the gas compressor.
An example of a suitable compressor control system for a
blower assembly 1s further described 1n U.S. patent applica-
tion Ser. No. 10/847,693, filed May 18, 2004, the specifica-
tions and figures of which are herein incorporated by refer-
ence.

In one embodiment, the compressor motor 1s a brushless
DC (BLDC) motor driving a ROOTS-type blower used as a
compressor in a portable mechanical ventilator. The flow rate
and pressure provided by the compressor are controlled by the
speed of the BLDC motor. Unlike 1n prior art systems where
digital Hall effect sensors are used to provide discrete
samples of the rotor position and separate speed transducers
are used to provide speed feedback of the BLDC motor,
embodiments of the present mvention may employ analog
sensors (e.g., analog Hall effect sensors, anisotropic mag-
neto-resistive (AMR) sensors, etc.) to provide continuous
rotor position and speed feedback for closed loop control.

FIG. 10 1s a block diagram of a motor/compressor system
in accordance with an embodiment of the present invention.
In this illustration, the motor/compressor system comprises
ROOTS-type blower 1002 coupled to BLDC motor 1004.
Gas (1.e., air) enters Roots blower 1002 via inlet 1008. The air
from 1nlet 1008 1s compressed by ROOTS-type blower 1002,
and then passed to the patient and/or other sections of the
mechanical ventilator through outlet 1010. Fluid communi-
cation paths are provided from the mput of ROOTS-type
blower 1002 to solenoid valve 1012, and from the output of
ROOTS-type blower 1002 to solenoid valve 1014. Ambient
air pressure 1s also channeled to solenoid valves 1012 and
1014 via ambient inlets 1016 and 1018, respectively.
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The output fluild communication channels of solenoid
valves 1012 and 1014 are provided to blower differential
pressure transducer 1040 to convert the pressure differential
between the two channels into an electrical signal represen-
tative of that pressure differential. During normal operation,
transducer 1040 measures the difference between the output
pressure and input pressure of ROOTS-type blower 1002, By
controlling solenoid valves 1012 and 1014, transducer 1040
can also measure the pressure difference between the two
ambient pressure inlets during an “auto-zero™ phase of trans-
ducer 1040. Processor 1020 provides control of solenoid
valves 1012 and 1014, with solenoid drivers 1032 transform-
ing the digital control signals from processor 1020 into power
DC signals capable of driving the solenoid valves. Absolute
pressure transducer 1022 and temperature transducer 1024
generate electrical signals representing the absolute pressure
level and the temperature. Each of transducers 1022, 1024
and 1040 are coupled to transducer (XDCR) interface block

1026, which may provide signal amplification and filtering of
the analog signals that are then provided to A/D (analog-to-
digital) converter circuit 1038. A/D converter 1038 trans-
forms the analog signals into digital values that may be pro-
cessed by processor 1020.

In addition to A/D converter circuit 1038, Processor 1020
also has the following associated circuitry: flash memory
1048, JTAG test circuitry 1046, random access memory
(RAM) 1044, and UARTSs (universal asynchronous receiver-
transmitters) 1042 and 1036. External JTAG connector 10350
1s coupled to JTAG circuit 1046 to facilitate hardware tests
and debugging in accordance with the JTAG standard. Telem-
etry connector 1052 1s coupled to UART 1042 for the trans-

mission of measured ventilator parameters to a remote sys-
tem, €.g., for monitoring purposes. Communication and
power connector 1054 1s coupled to UART 1036 for facilitat-
ing further external communication with the ventilator sys-
tem, e.g., for operational testing and control. Connector 1054
also provides any necessary power signals to the motor/com-

pressor system (e.g., 3.3, 5.0 and/or 15 VDC (volts DC)).

Analog sensors 1006 (e.g., analog Hall effect sensors) are
arranged on a PC board 1n a circular pattern perpendicular to

the rotor shaft of BLDC motor 1004 and adjacent to a two-
pole magnet attached to the end of the rotor shaft. Analog
sensors 1006 provide measurements needed for computation
of BLDC rotor position. The analog outputs of sensors 1006
are passed through sensor interface 1028 (e.g., for amplifica-
tion and filtering), and then mto A/D converter circuit 1038,
where the analog sensor signals are converted into digital
values for processing within processor 1020.

Processor 1020 executes soltware instructions to imple-
ment certain elements of the motor/compressor control loop.
Processor 1020 may be implemented, for example, with a
general purpose processor or with a digital signal processor
(DSP). Other embodiments may implement the functionality
of processor 1020 1n firmware (e.g., mstructions stored 1n an
EPROM) or as equivalent logic in a hardware device (e.g., an
ASIC (application specific integrated circuit) or an FPGA
(field programmable gate array)).

Processor 1020 recerves the digitized sensor signals and
pressure measurements via A/D converter block 1038 (values
may use RAM 1044 for temporary storage), and determines
an appropriate speed control value based upon the control
process implemented (e.g., pressure control or volume con-
trol). Processor 1020 also generates the appropriate commu-
tation control signals given the current commutation state,
and modulates the pulse widths of those commutation control
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signals based on the speed control value. The modulated
commutation control signals are provided to three phase

inverter 1030.

Three-phase inverter 1030 generates drive signals for the
individual stator coils 1n BLDC motor 1004, as previously
described. The system may also include a current limait circuit
1034 coupled to three-phase 1mnverter block 1030.

FIG. 11 1s an exploded view of the physical structure of a
ROOTS-type blower, 1n accordance with an embodiment of
the 1nvention. As shown, structure 1100 includes the BLDC
motor. The stator of the BLDC motor surrounds hollow bore
1108, into which a rotor 1101 1s 1nserted during manufactur-
ing. Rotor 1101 spins under the influence of the energized
stator coils within the BLDC motor. Stabilizer 1102 supports
the rotating axis shared by rotor 1101 and ROOTS-type
blower impeller 1103. The shared axis forces impeller 1103 to
rotate when the BLDC motor forces rotor 1101 to rotate.

Impeller 1103 rotates within ROOTS-type blower housing
1104, with one end of the impeller axis coupled to gears 1105.
A second impeller (not shown) 1s also coupled to gears 1103
such that the second impeller rotates 1n the opposite direction
of impeller 1103. During operation, the rotation of the impel-
lers forces air to flow between the impellers with additional
energy, creating pressure. Openings in either side of housing
1104 provide the air input and output paths.

As shown, the elements of the blower assembly are coupled
to surrounding structures in the lateral direction by broad
connectors 1106, and 1n the longitudinal direction by long
connectors 1107. The increased size of those connectors pro-
vides greater support for the apparatus, while providing
dampening of vibrations due to the motion of the blower
apparatus.

FIG. 12 1llustrates the interlocking nature of the ROOTS-
type blower impellers 1103 and 1203. The shared axis of
impeller 1103 and rotor 1101 1s visible in this image, showing
the mechanism by which the ROOTS-type blower impellers
are driven. Engagement of gears 1201 and 1202 provides the
transier of opposing rotational energy from the axis of impel-

ler 1103 to the axis of impeller 1203.

V. Noise Reduction

Because ROOTS-type blowers are relatively noisy, and
because embodiments of the invention are designed for use in
close proximity to the patient, one or more methods and
features for dampening the noise generated by the blower
may be implemented 1n embodiments of the mvention. Such
methods and features may include forming the blower rotors
with a helical twist (as shown 1n FIG. 12), and using multiple
sound muilling techniques, such as the anti-noise cancella-
tion methods described previously.

Additionally, embodiments of the invention may include
the use of perforated tube muittlers, 1n which numerous per-
forations protrude from the body of each perforated tube at
right angles in the form of small tubes, creating a longer
elfective muitling pathway capable of efficiently attenuating
sound waves without concomitant increase in muitler weight
and size. The perforated tube muillers are preferably con-
structed of a lightweight polymer or other sturdy but light-
weight matenal.

FIG. 13A shows a view of the pneumatic pathways and
noise reduction chambers of one embodiment of the mven-
tion. As shown, air enters the ventilator through filtered inlet
1300, and traverses a twisted pneumatic path until 1t reaches
the bottom of silencer chamber 1303. Near the top of silencer
chamber 1303, the air 1s directed 1into an inlet port of the Roots
ROOTS-type blower assembly 1302. The compressed air 1s
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output from the ROOTS-type blower assembly 1nto the upper
portion of silencer chamber 1304, and then directed on from
the bottom (1301) of chamber 1304.

Silencer chambers 1303 and 1304 each include two perto-
rated mutiler tubes 13035 and 1306 positioned 1n parallel, e.g.,
with one above the other. FIG. 13B illustrates the silencer
chambers with the top tube (1305) removed, providing a
clearer view of underlying tube 1306. The input to each
silencer chamber 1s through one end of tube 1305, with the
exit being through the opposing end of tube 1306. The air
must therefore flow out of tube 1305 and in through tube
1306. The pressure transients associated with compressor
noise are dampened by the resistance presented by the small
tubular perforations. Further, the coherence of the noise pres-
sure waves 1s disrupted by the forced traversal of multiple
small pathways of varying lengths. The varying length path-
ways cause the air tflow of the respective pathways to recom-
bine out of phase with each other, diffusing the previously
coherent noise. As a result, much of the compressor noise 1s
attenuated during transit of the silencer chambers.

Embodiments of the invention may also include graduated
slots 1n the housing of the Roots blower which permit a
smooth, gradual backflow of gas as the leading edge of the
blower rotors approach the blower outlet port, thus reducing,
the typical Roots blower pulsing effect responsible for much
of the noise. The graduated slots 1n the housing of the Roots
blower maximize noise reduction while minimizing the
reduction in efficiency attendant upon permitting gradual
backilow into the blower chambers during rotation.

FIGS. 14A 14D provide different views of the Roots
blower housing 1400. Orifice 1401 faces the direction of the
BLDC motor, and receives the pair of impellers. In the oppos-
ing face 1402 of housing 1400, two onfices are provided
through which the axes of the impellers extend to engage gear
structure 1105 perpendicular to the axis defined by orifice
1401 and opposing face 1402, an air inlet 1403 and a com-
pressed air output port 1404 are provided. The ilet and
output ports are configured with an mitial circular indentation
1405, ¢.g., to recerve a tubular air guide apparatus. Within the
circular indentation 1s an orifice 1406 having a roughly trian-
gular cross-section at the level of indentation 1405, and a
curved wing-shape where the triangular cut-out meets the
dual-rounded chamber encompassing the rotating impellers.
Also, a groove 1407 1s formed on the inside of orifice 1406
roughly midway along the side of the triangle, aligned in the
same plane as the stacking of the impellers. Grooves 1407 are

deepest at the edge of triangular orifice 1406, and gradually
diminish to the level of the inner chamber away from orifice
1406.

The above techniques, methods and features reduce the
noise commonly associated with Roots blowers, minimizing,
any auditory discomiort to the patient, thus permitting the
ventilator device to be used 1n close proximity to a patient
without adding significantly to the weight or dimensions of
embodiments of the mvention, and thereby facilitating port-
ability.

The employment 1n the ventilator of a Roots blower, in
combination with the noise reduction techniques described
above, permits improved minmaturization of the ventilator
heretofore unachievable without sacrificing sophisticated
ventilation modes or patient comifort.

Thus, a portable ventilator has been described. Particular
embodiments described herein are illustrative only and
should not limait the present invention thereby. The mvention
1s defined by the claims and their full scope of equivalents.
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What 1s claimed 1s:

1. A portable ventilator comprising:

a blower unit outputting compressed gas and including
interlocking helical lobed impellers counter-rotatable
within a blower housing in variable speed mode;

a speed servo configured to change a speed of the inter-
locking helical lobed mmpellers of the blower unit to
accelerate and decelerate the blower unit to provide ven-
tilation; and

an exhalation servo control system configured to provide a
desired positive end expiratory pressure from the output
of said blower unait.

2. The portable ventilator of claim 1, further comprising a
ventilator control system comprising a plurality of processors
including a ventilator processor operative to alternately accel-
erate and decelerate the blower unit to effect inspiration and
permit exhalation.

3. The portable ventilator of claim 2, wherein the ventilator
control system further comprises at least one of a blower
processor, an exhalation processor, a blender processor, and a
pressure processor.

4. The portable ventilator of claim 3, wherein:

cach processor 1s operative to communicate with the ven-
tilator processor,

the blower processor being operative to control operation
of the blower unit,

the exhalation processor being operative to control actua-
tion of an exhalation control valve,

the blender processor being operative to regulate oxygen
concentration 1n gas delivered outside the blower hous-
ing, and

the pressure processor being operative to monitor pressure
at least one transducer disposed within the portable ven-
tilator.

5. The portable ventilator of claim 1 further comprising an
integration of the blower unit and speed servo with at least one
of a transducer module, an exhalation control module and a
blender module.

6. The portable ventilator of claim 5, wherein:

the exhalation module being operative to control actuation
of an exhalation control valve,

the blender module being operative to regulate oxygen
concentration in the delivered gas, and

the pressure module being operative to monitor pressure 1n
the transducers.

7. The portable ventilator of claim 6 wherein:

the ventilator control system includes at least one of a
blower processor, an exhalation processor, a blender
processor, and a pressure processor,

cach processor communicating with the ventilator proces-
SOT,

the blower processor controlling operation of the blower
unit;

the exhalation processor controlling actuation of an exha-
lation control valve,

the blender processor regulating oxygen concentration in
gas provided externally, and

the pressure processor monitoring at least one transducer
disposed within the portable ventilator.

8. The portable ventilator of claim 1, further comprising:

a motor driving the blower umt; and

a blower processor controlling operation of the blower unit,

wherein the blower processor provides control signals to
the motor based on at least one of the following: char-
acterization data for the blower, and a measurement of
gas flow generated by the blower unit.
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9. A portable ventilator comprising:

a blower unit having interlocking helical lobed 1mpellers
counter-rotatable within a blower housing at a varying
speed, said blower unit providing compressed gas for
providing ventilation;

a speed servo coupled to the blower unit and configured to
maintain a speed of the blower unit at a substantially
constant speed to provide a desired tlow rate; and

an exhalation servo control system configured to close an
output valve during an exhalation phase of the ventila-
tion.

10. A portable ventilator, comprising:

a blower unit having interlocking helical lobed 1mpellers
counter-rotatable within a blower housing for providing
gas flow; and a pressure transducer module monitoring
pressure transducers of the portable ventilator, an exha-
lation control module controlling actuation of an exha-
lation control valve; a blender module regulating oxygen
concentration 1n gas delivered; and a blower module
controlling operation of the blower unit, wherein the

blower module 1s communicatively coupled to the

blower unit and configured to control a speed of the
blower unat.

11. An apparatus, comprising:

a {irst unit drawing gas through an inlet unit and delivering
pressurized gas through an inspiratory port, the gas

being pressurized by interlocking helical lobed impel-

lers of a compressor unit, the compressor unit supporting

both single limb and dual limb patient circuits, accom-
modating an exhalation valve being implemented either
externally or internally with respect to a ventilator enclo-
sure;

a second unit with an exhalation control port and PEEP
(positive end-expiratory pressure) control generate a
pilot pressure that closes exhalation valve during 1nspi-
ration and opens it against a software controlled PEEP
pilot pressure during exhalation, with the software being
stored 1n a memory unit;

a first processor controlling a speed of the interlocking
helical lobed mmpellers of the first unait;

a second processor, separate from the first processor, con-
trolling the second umt; and

a third processor, separate from the first and second pro-
cessors, being in communication with both first and
second processor.

12. The apparatus of claim 11, turther comprising a scav-
enging port recycling the compressed gas that 1s not used
during exhalation.

13. The apparatus of claim 11, further comprising a blender
unit delivering blended gas to the compressor unit.

14. The apparatus of claim 11, wherein the blended gas
delivery 1n an ispiratory limb being monitored via an exter-
nal sensor coupled to an interface of the blender unit, and
displayed on a user intertace.

15. The apparatus of claim 14, further comprising a second
sensor monitoring blood oxygen level, coupled to an internal
pulse oximeter, and displayed on the user interface.

16. The apparatus of claim 11, wherein the first, second

units and the first, second and third processors are integrated
into a single unait.

10

15

20

25

30

35

40

45

50

55

60

22

17. A method, comprising:

outputting compressed gas with interlocking helical lobed
impellers counter-rotatable 1n a variable speed mode or
a constant speed mode by a {irst unit;

changing, by a processor, a speed of the interlocking lobed
impellers to provide ventilation by a second unit; and

providing a desired positive end expiratory pressure from
the output of the compressed gas by a third unait.

18. The method of claim 17, further comprising controlling
with a plurality of processors including a ventilator processor
alternately accelerate and decelerate the compressed gas to
elfect mnspiration and permit exhalation.

19. The method of claim 17, wherein controlling with the
plurality of processors including at least one of a blower
processor, an exhalation processor, a blender processor, and a
pressure processor.

20. The method of claim 17, wherein:

communicating from each processor with a main proces-

SOT,

controlling with the blower processor the operation of the

compressed gas,

controlling actuation of an exhalation control valve by the

exhalation processor,

regulating oxygen concentration in gas delivered by the

blender processor, and

monitoring pressure with at least one transducer by the

pressure processor.

21. The method of claim 17, further comprising an inte-
grating the first, second and third unit into a single unit, with
cach unit being controlled separately and 1n communication
with each other.

22. The method of claim 21, further comprising:

controlling actuation of an exhalation control valve by a

fourth unat;

regulating oxygen concentration in the delivered gas by a
fifth unit; and

monitoring pressure 1n the transducers by a sixth unit.

23. The method of claim 22, wherein:

the fourth, fifth and sixth units being integrated into the
single unit with the first, second and third unaits;

the fourth, fifth and sixth units being controlled separately
from each other and 1n communication with each other;
and

the first unit supports both single limb and dual limb patient
circuits, accommodating an exhalation valve being
implemented either externally or internally with respect
to a ventilator enclosure.

24. A portable ventilator, comprising:

a means for outputting compressed gas and including inter-
locking helical lobed impellers counter-rotatable within
a blower housing 1n variable speed mode;

a means for accelerating and decelerating the interlocking
helical lobed impellers of the means for outputting com-
pressed gas to provide ventilation;

a means for providing a desired positive end expiratory
pressure from the output of the means for outputting
compressed gas; and

a means for controlling the ventilator comprising a plural-
ity of processors including a ventilator processor opera-
tive to alternately accelerate and decelerate the means
for outputting compressed gas to effect inspiration and
permit exhalation within the blower housing.
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